We report results from molecular dynamics simulations of the freezing and melting, at ambient temperature (Tϭ300 K), of a bilayer of liquid water induced by either changing the distance between two confining parallel walls at constant lateral pressure or by lateral compression at constant plate separation. Both transitions are found to be first order. The system studied consisted of 1200 water molecules that were described by the TIP5P model. The in-plane symmetry of the oxygen atoms in the ice bilayer was found to be rhombic with a distorted in-registry arrangement. Above and below the stability region of the ice bilayer we observed two bilayer phases of liquid water that differ in the local ordering at the level of the second shell of nearest neighbors and in the density profile normal to the plane, yielding two liquid phases with different densities. These results suggest the intriguing possibility of a liquid-liquid transition of water, confined to a bilayer, at regions where the ice bilayer is unstable with respect to either of the liquid phases. In addition, we find that under the same conditions, water confined to 3-8 layers remains in the liquid phase ͑albeit stratification of the transverse density profile͒ with values of the lateral diffusion coefficient comparable to that of the bulk.
I. INTRODUCTION
The behavior of materials under confinement, for example, between parallel plates only a few particle diameters apart, can exhibit a profound differences in properties ͑such as the viscosity of liquids or the symmetry of crystals͒ compared to those found in the bulk. In particular, confinement of many liquids to films less than 4 -6 molecular layers will promote solidification. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] This is due to the stratification of liquids against a wall that extends over 2-3 particle diameters. Such a layering phenomenon is enhanced when two walls confine the liquid to a narrow slit. In this case, the translation of the particles in the direction normal to the walls is restricted, which can induce lateral ordering and result in freezing. The degree to which the stability of the solid phase is enhanced depends on the ability of the particles to establish in-plane interparticle interactions.
Recently, it has been shown that the role of the local tetrahedral order of water is much more important than previously appreciated, especially in determining phase behavior and critical properties. 11 Computer simulations of supercooled bulk liquid water indicate the existence of a second critical point below which the liquid phase separates into two distinct phases: a low-density liquid ͑LDL͒ and a highdensity liquid ͑HDL͒. It has been suggested that these two liquid water phases are closely related to the phases that exist at lower temperature, namely, low-density amorphous ice and high-density amorphous ice. 12, 13 Recently, another study using restricted ensemble Monte Carlo method predicted the existence of four supercooled water liquid phases at T ϭ235 K. 14 Experimental evidence for such a liquid-liquid transition in water is hard to obtain due to nucleation that occurs in that region of the phase diagram; however, liquidliquid transition has been experimentally observed in fluid phosphorus. 15 Monte Carlo studies of liquid water between two confining walls predicted a liquid-liquid transition between a bilayer of liquid water and a trilayer of liquid water at T ϭ235 K. 16 Liquid water has also been the subject of computer simulations that explored the stability of water inside cylindrical nanopores and inside spherical cavities. [17] [18] [19] [20] The first outer layer exhibited a distortion of the tetrahedral structure toward a square lattice arrangement.
In previous molecular dynamics ͑MD͒ simulation studies of a bilayer of liquid water with the TIP4P water model confined to a slab geometry, a freezing transition to a bilayer ice was reported. 21, 22 However, the structures obtained in these calculations contained dramatic deviations from the molecular tetrahedral geometry around the oxygen atom. Hydrogen bonding interactions are insufficient to cause rehybridization of the sp 3 hybridized oxygen atom of water, which could results in a change in either the molecular H-O-H angle or in the spatial distribution of the electron lone pairs. 23, 24 Therefore, it is expected that in confined geometries the tetrahedral molecular arrangement of the water molecules is preserved and the degree of the hydrogen bond distortion ͑from a collinear angle͒ would be in the range of the distortions found in the high-pressure bulk ice phases.
X-ray and neutron scattering studies of the structure of water in a hydrogel and at a hydrophobic surface observed that the first peak in the radial distribution function is not significantly affected due to the restricted geometries. However, a hump appears at around rϭ0.37 nm in a manner identical to that induced by a pressure increase and is interpreted in terms of the distortion of the hydrogen bonds.
In this study we investigate the phase behavior of water confined to 2-8 layers at ambient conditions. We find that a first-order freezing and melting of bilayer of liquid water can be induced by changing the distance between two confining parallel walls at constant lateral pressure or, alternatively, by lateral compression at constant plate separation. The in-plane symmetry of the oxygen atoms in the ice bilayer is rhombic, with a distorted in-registry arrangement. Above and below the region the ice bilayer is stable; we find two bilayer phases of liquid water that differ in the local ordering of the second shell of nearest neighbors and in the density profile along the normal direction. In addition, we find that under the same conditions, water confined to 3-8 layers remains in the liquid phase ͑albeit stratification of the transverse density profile͒ with values of the lateral diffusion coefficient comparable to that of the bulk.
II. METHODS
The MD simulations were performed using the GROMACS package version 3.0. 28 The time step used for integrating Newton's equations of motion was 0.002 ps. All simulations were performed using a constant number of particles and each system was coupled to a thermal bath 29 of Tϭ300 K using a coupling time of 0.1 ps. In simulations where lateral pressure coupling 29 was employed, a coupling time of 1.0 ps was used. The value of the isothermal compressibility was set to either 1ϫ10 Ϫ5 or 5ϫ10 Ϫ7 bar Ϫ1 , depending on whether the phase was liquid or solid, respectively. The evaluation of the nonbonded interactions was performed using a twin range cutoff of 0.9 and 1.4 nm. Interactions within the shorter cutoff were updated every step, while longer range interactions were updated every five steps. To account for the neglect of electrostatic interactions beyond the long-range cutoff a reaction-field correction 30 assuming a relative dielectric constant of 78.0 was applied.
The five-site, tetrahedrally coordinated, TIP5P model 31 was used to describe the water molecules. A system of 1200 water molecules was placed between two walls with a triangular arrangement of atoms out of registry with respect to one another. The positions of the monolayer of atoms within the walls were constrained to a lattice spacing of 0.23 nm.
The water-wall interactions were represented by a 6 -12 Lennard-Jones ͑LJ͒ potential with the parameters:
ϭ0.415 kJ/mol. These parameters represent approximately the van der Waals ͑vdW͒ interaction between a water molecule and a quartz (SiO 2 ) surface. A weighted average of silicon and oxygen atom parameters, taken from the GROMOS96 32 force field, was used in a geometric combination rule together with TIP5P parameters. The simulations pertain, therefore, only to confinements due to surfaces where the interactions with the water molecules are weaker than hydrogen bonding interactions. Since the LJ parameters of the TIP5P water hydrogen are equal to zero, ( H w -W ) was estimated from the ratio of the vdW radius between oxygen and hydrogen. 33 The value of ⑀ ( H w -W ) was taken as half the corresponding value associated with oxygen. There was no interaction between the two lone-pair sites of water and the wall. There was no interaction between the lone-pair electrons sites and the surface atoms because the TIP5P lone-pair sites contain only electrostatic interactions ͑with LJ parameters equal to zero͒, while the surface atoms contain only LJ interactions. The same situation occurs with the hydrogen sites. However, since hydrogen atoms can be associated with a vdW volume we included an estimate of the potential between the surface atoms and the hydrogen atoms based on a measured value of the vdW radius for a hydrogen atom.
33
The O-H bond lengths and the H-O-H bond angle were constrained using the SETTLE algorithm. 34 The lone-pair electrons were treated as dummy ͑virtual͒ atoms. Their positions are computed as a function of the oxygen and the hydrogens' positions. Then, the forces acting on the dummy atoms are distributed over the water atoms treated explicitly. In this way, the total energy and the total angular momentum of the system are conserved. 35 The initial configuration in the first set of simulations ͑with lateral pressure coupling͒ was constructed from a previous simulation of a water bilayer in the liquid state. 36 At each thermodynamic point, obtained by a sequential increase in H, the system was equilibrated for 7 ns and then configurations saved every 10 ps for an additional 3 ns. At points where a phase transition occurred (Hϭ0.64 and 0.70/0.72 nm͒, the equilibration time was extended to 17 ns to ensure convergence. The two series of simulations with different lateral pressure coupling were performed independently of each other after the preparation stage.
In the second set of the simulations ͑at constant A and H), a configuration corresponding to a bilayer in the liquid phase was taken from the first set of simulations. The area of the system was then increased or decreased in small incremental steps and simulated for time periods the same as those used in the first set of simulations.
The wall separation, H, was derived from the gap between the fixed center of mass of the surface atoms. These gap values were calibrated using the transverse distribution of the density of the center of mass of the oxygen atoms in a simulation corresponding to Hϭ0.58 nm ͑which exhibited the sharpest distribution against the wall͒. To this value, the diameter of a water oxygen atom was added. The cutoff distance used to assign the presence of a hydrogen bond was taken as the distance to the minimum between the first and the second peaks of the oxygen-hydrogen pair correlation function in the different phases. This yielded a cutoff value of 0.232 nm. Figure 1 shows the lateral diffusion coefficient for plate separations in the range 0.57 nmрHр1.14 nm for lateral pressures, P l , of 1 and 100 bar. For plate separations in the range 0.57 nmрHр0.63 nm the bilayer is in the liquid phase, as indicated by the large value of the diffusion coefficient which is comparable to the experimental value (2.30
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•10
Ϫ5 cm 2 /s) and to the TIP5P model value 37 (2.62
•10 Ϫ5 cm 2 /s) for the bulk liquid water at Tϭ298 K. At H ϭ0.64 nm the lateral diffusion coefficient drops by about 3 orders of magnitude. At this point, the dynamics of the mol-ecules changes from free diffusion to small amplitude fluctuations around fixed positions with occasional cooperative jumps. At Hϭ0.72 nm for P l ϭ1 bar and at Hϭ0.70 nm for P l ϭ100 bar, the frozen bilayer transforms back to a bilayer of liquid water which is stable up to Hϭ0.85 nm. With further increase of the plate separation, 0.86 nmрH р1.13 nm, the phase is three-layer liquid water. At H ϭ1.14 nm there is a transformation to a four-layer liquid system.
The freezing of a monolayer of liquid water has been shown to be coupled to a buckling transition. 36 This is because in a monolayer arrangement the ordered out-of-plane displacement of the molecules in the buckled phase enables a reduction of the distortions in the hydrogen bonds. In the bilayer case, however, examination of the density profile of the oxygen atoms normal to the plane ͑for the entire range of values of H that spans its region of stability͒ reveals that the distribution is bimodal; one peak for each layer. The transverse density profile is shown in Fig. 2 for several specific plate separations. Nevertheless, the arrangement of oxygen atoms in the ice bilayer must allow a hydrogen bonding network with a relatively small degree of distortion from ideal geometry. The O-H-O angle profiles are shown in Fig. 3 . The shape of the curve for the ice bilayer is broadened ͑com-pared to the curves of the liquid phases͒ and centered around an angle of 155°. The average number of hydrogen bonds per molecule for Hϭ0.58, 0.74, and 0.78 nm ͑the liquid phases͒ is 3.4 and for Hϭ0.66 nm ͑bilayer ice͒ is 3.8. The ratio of these numbers is represented in Fig. 3 by the size of the area under each curve.
Ab initio calculations predict the O-H-O angle in the water dimer to be anywhere between 180 and 155°͑with a negligible change in energy͒. The fact that this angle is not far from 180°points to the validity of the localized orbital picture of an O-H bond approaching a lone pair. Although larger distortions which decrease the depth of the potential well do occur, for angles smaller than 140°there is an onset of a significant loss of energy. 38 This means that the distortion of about 155°that we find in the ice bilayer is reasonable. Figure 4͑a͒ displays the oxygen-oxygen radial distribution functions for various plate separations. The short-range order in the plots corresponding to Hϭ0.58, 0.74, and 0.78 nm reflects the disorder of the liquid phase. However, the long-range order at Hϭ0.66 nm indicates that the system has adopted a crystalline phase.
Instantaneous configurations from the MD simulations that correspond to a small-H bilayer of liquid water (H ϭ0.58 nm), a bilayer ice (Hϭ0.66 nm), and to a large-H bilayer of liquid water (Hϭ0.74 nm) are shown in Fig. 5 . The in-plane symmetry of the oxygen atoms in the ice bilayer is rhombic with a distorted in-registry arrangement between the two layers. The hydrogen positions are ordered. The out-of-plane hydrogen bond connectivity exhibits order that is built of two alternating rows of water molecules that point their hydrogens toward the oxygens present in the other layer ͓Fig. 5͑b͔͒. observed in the simulations for plate separations in the range 0.57 nmрHр1.13 nm with P l ϭ1 bar, along with the corresponding densities.
The abrupt change in the dynamics and in the range of structural ordering during the freezing process suggests that the transitions are first order. Simulations with temperature and lateral pressure coupling are the most appropriate to mimic experimental studies of confined system in mechanical equilibrium with the bulk; they do not allow, however, the simulation of phase coexistence. To address questions in the context of the unresolved nature of the melting in two dimensions, we investigate the order of the transition. It has been argued that two-dimensional solids lack a long-range translational order in the limit r→ϱ. [39] [40] [41] One of the consequences of this phenomenon is that the character of the melting transition in two dimensions can be fundamentally different from that of the melting transition in three dimensions. According to the Kosterlitz-Thouless-Halperin-NelsonYoung ͑KTHNY͒ theory, [42] [43] [44] [45] [46] two-dimensional solids melt via sequential continuous phase transitions. This predicts a new phase between the liquid phase and the solid phase, the so-called hexatic phase. Although, originally, the theory considers a different type of interparticle potential and a truly two-dimensional system, it is believed that this melting sce- nario is universal and holds for a quasi-two-dimensional system as well.
To investigate the order of the freezing transition from a bilayer of liquid water to a bilayer of ice, a second set of the simulations was run at constant area, A, and constant H. Figure 6 shows the lateral pressure as a function of the area for three values of plate separation that support the ice bilayer. All curves have a small region showing a vdW loop shape ͑the reason this region is small is due to a small difference between the areal density of the bilayer of liquid water and that of the ice bilayer͒. The phase that exists for values of A larger than those at the transition ͑the region where the curves overlap͒ is a bilayer of liquid water, while the phase for values of A smaller than those at the transition is an ice bilayer. The results obtained from these compressibility isotherms plots indicate that the freezing transition is first order. The KTHNY scenario is probably preempted by a mechanism similar to that found in three dimensions.
In the coexistence region ͑the vdW loop͒ we did not find a clear phase separation, in contrast to the situation when a monolayer of liquid water freezes to a monolayer ice. 36 This is probably due to the small difference in the potential energy between the two phases ͑bilayer of liquid water and a bilayer ice͒, as can be inferred from the small difference in the average number of hydrogen bonds per molecule, that is insufficient to overcome the free-energy cost ͑loss of entropy͒ needed for phase separation.
The value of the lateral pressure for a fixed value of A in the region of the ice bilayer is maximal for Hϭ0.66 nm. This is a manifestation of the system achieving an optimal value of plate separation for which the structure of the ice bilayer allows the distance of the hydrogen bonds to match the minimum of the interparticle potential. Such behavior would result in elastic properties that exhibit a maximum as a function of H.
The second peak in the radial distribution function at around rϭ0.41 nm for Hϭ0.66 and 0.74 nm is due to the second shell of nearest-neighbor oxygen atoms in a rhombic arrangement ͑with angles of ϳ100°and 80°) that is present in a single plane ͓Fig. 4͑b͔͒. In contrast to this maximum in the g(r) for Hϭ0.66 and 0.74 nm ͑ice bilayer and LDL, respectively͒, the radial distribution function for H ϭ0.58 nm ͑HDL͒ at rϭ0.41 nm exhibits a minimum. Hence, the liquid phase that exists for values of H above the region that supports freezing has a local ordering similar to that of the ice bilayer, whereas the liquid phase that exists for values of H below that required for freezing has a different local order. Upon increasing H, the large-H bilayer of liquid water ͑LDL͒ exhibits a shift of the second peak of the oxygenoxygen radial distribution function toward larger values of r, as is shown for the case of Hϭ0.78 nm. A transition to a trilayer and to four layers of liquid water occurs at H ϭ0.86 nm and at Hϭ1.14 nm, respectively. Figure 7 shows the transverse density profile and the radial distribution function of oxygen atoms for Hϭ0.86 and 1.14 nm. At these points the oxygen-oxygen radial distribution function is similar to that for the small-H bilayer of liquid water ͑HDL͒ shown for Hϭ0.58 nm in Fig. 4͑b͒ . This is probably due to the fact that when the value of H is just enough to allow a transformation to a larger number of layers the arrangement of the water molecules with respect to each other has to be ͑a͒ Transverse density profile of oxygen atoms for water confined to three layers (Hϭ0.86 nm) and to four layers (Hϭ1.14 nm). These values of H correspond to points where the system has just transformed ͑approach-ing the transition plate separation from below͒ to the specified number of layers. ͑b͒ Radial distribution functions of the oxygen atoms showing the similarities of the positions of the second peak for Hϭ0.86 and 1.14 nm to that of Hϭ0.58 nm shown in Fig. 4͑b͒ . The pair distribution of bulk TIP5P is also shown for comparison. modified due to the spatial constraints, and the resulting liquid phase has a higher density.
Despite the behavior of the radial distribution function, the transverse density profile of the small-H bilayer of liquid water ͑HDL͒ is similar to that of the ice bilayer, while the transverse density profile of the large-H bilayer of liquid water ͑LDL͒ exhibits a splitting of each of the layers. This is shown in Fig. 2 for Hϭ0.74 and 0.78 nm ͑for Hϭ0.74 nm the splitting is evident only as ''shoulders'' on the main peaks͒. The ratio between the intensity of the peaks is very similar to those of confined solids corresponding to a twolayered buckled phase. [47] [48] [49] However, in the liquid phase there is an overlap between the peaks resulting from diffusion of particles between the different planes.
The peaks of the transverse density profile representing different layers are always split in two in the buckled phase. These phases, that occur in spatially inhomogeneous systems, are regarded as intermediate phases that interpolate between structures with integral number of layers. The transformation to a larger number of layers as H is increased is performed by the merging of peaks that originate from different layers. 49, 50 Consider the bilayer case, where the transverse density profiles for Hϭ0.74 and 0.78 nm are shown in Fig. 2 . Each layer is split in two, with relative magnitudes of approximately 2/3 and 1/3 for the peak that is closer to the wall and for the peak that is closer to the center, respectively. As H increases the two peaks with the relative magnitude of 1/3 from different layers ͑at around zϭϮ0.08 nm) approach each other ͑toward zϭ0) and finally merge to form a threelayer system where each peak has an equal relative intensity of 2/3. The transverse density profile of a trilayer of liquid water is shown in Fig. 7͑a͒ .
The difference in the structure of the two liquid phases was reproduced upon melting of the ice bilayer, induced by decreasing H. Note that the effect of higher lateral pressure in the first set of simulations is to destabilize the ice bilayer as is shown in Fig. 1 ; the ice bilayer transform to the liquid phase at Hϭ0.72 nm for P l ϭ1 bar while it transforms at Hϭ0.70 nm for P l ϭ100 bar. Although a thermodynamic characterization of the liquid-liquid transition is not given in this study, it is likely that at higher temperature or at higher lateral pressure, where the ice bilayer becomes unstable with respect to either of the liquid phases, a direct transition between the two liquid phases would be possible.
Liquid-liquid phase transitions have been reported for confined water between a bilayer liquid with a split normal density profile and a trilayer liquid water. 16 The large-H bilayer of liquid water ͑LDL͒ that we find is this study has a second peak at approximately the same location as the one reported by Meyer and Stanley obtained with Monte Carlo simulations with the ST2 model potential for water. 16 It also qualitatively resembles the one reported by Bosio and co-workers obtained from x-ray and neutron scattering experiments of water confined in pores of poly͑2-hydroxyethylmethacrylate͒ 26 and at a hydrophobic surface. 27 These studies conclude that the molecular structure of water under an environment that disrupts its ability to establish a tetrahedral network of nearest neighbors exhibits a distortion at the second neighbor level. In these cases, a hump at around rϭ0.37 nm is observed while the packing of the first neighbors is not significantly affected.
The observation of sequential freezing and melting transitions as H is increased is similar to the behavior of water confined to a monolayer. 36 Experimental support for such a phenomenon comes from studies using a mercury/water/ mercury tunnel junction at Tϭ265 K, where it was found that the Young's modulus of two-dimensional ice shows a maximum value ͑of ϳ20% of bulk ice I h ) as H was increased from 0.50 to 0.80 nm. 51 Particles under confinement exhibit large oscillations in the density as a function of H that span transitions between consecutive number of layers. Since the ordinary ice, I h , is sensitive to density ͑e.g., melting can be observed upon increasing the density͒, the alternation of water and ice phases as a function of H in confined geometries can be understood in these terms. However, since the space is inhomogeneous and is divided into lateral and transverse subspaces, the density itself does not serve as a suitable thermodynamic variable. Figure 1 also indicates that no freezing transition occurs at any value of plate separation for water confined to three layers at Tϭ300 K and at ambient pressures. Further simulations of water at the same conditions confined to 4 -8 layers (1.15 nmрHр2.56 nm) also indicate that water remains in the liquid phase ͑the lateral diffusion coefficient was found to be in the range 2 -3ϫ10 Ϫ5 cm 2 /s), which is comparable to the diffusion coefficient of the bulk. This means that above the film thickness of a bilayer, the degree to which the solid phase is stabilized due to confinement is insufficient to freeze liquid water at ambient conditions. These findings are consistent with experimental measurements of the effective viscosity of water confined between mica surfaces 52 and can be attributed to the incompatibility between the tetrahedral arrangement of water and a slab geometry.
